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GXHPDLQO\ WR WHPSHUDWXUHFKDQJHV5XL]GH$UJDQGRxDet al.,0HQpQGH]et al.,*RPH]+HUDVet al.,
9i]TXH]et al.,D+RZHYHUZHDWKHULQJ IRUPVRIQHZSDQHOV LQH[LVWLQJEXLOGLQJVDUH OHVV LGHQWLILHG
:KHQDVWRQHSDQHOLVXVHGDVIDoDGHLQEXLOGLQJVDQGPRQXPHQWVZLWKGHFRUDWLYHSXUSRVHVVXUIDFHDHVWKHWLFVDUH
WKHPDLQFULWHULDWRHYDOXDWHWKHGHFD\5RXJKQHVVJORVVDQGFRORXUDUHNH\SURSHUWLHVWRDVVHVVVXUIDFHZHDWKHULQJ










9i]TXH] HW DO  )RXU JUDQLWRLGV FRPPRQO\ XVHG DV RUQDPHQWDO VWRQHV KDYH EHHQ VWXGLHG 7KH\ VKRZHG
GLIIHUHQFHVLQFRORXUDQGJUDLQVL]HWKRXJKWSRURVLW\ZDVVLPLODUDQGYHU\ORZ)RXUZHDWKHULQJWHVWVZHUHFDUULHG
RXW VDOW FU\VWDOOL]DWLRQ IUHH]HWKDZF\FOHV62H[SRVXUHDQGKHDWLQJ WRGLIIHUHQW WHPSHUDWXUHV'XH WR WKHLU ORZ
SRURVLW\VWDQGDUGL]HGWHVWVDUHQRWVXLWHGWRHYDOXDWHWKHGDPDJHRIWKHVHVWRQHVVLQFHSRURVLW\PXVWEHDWOHDVW







* LV D FRDUVHJUDLQ VL]HGDQGKHWHURJHQHRXVPRQ]RJUDQLWH7KHFRORXURI WKLV VWRQH LVSDOHJUH\5RVD3RUULxR




2.1. Decay tests 
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)UHH]H7KDZWHVWZDVFDUULHGRXWEDVHGRQWKHVWDQGDUG81((1,QWKLVVWXG\WKHVSHFLPHQVZHUH
LPPHUVHG LQZDWHUGXULQJ WKHZKROH WHVW7KH UHDVRQZDV WR IRUFH WKHGDPDJHRQWR WKH VXUIDFHDVD UHVXOWRI LFH
IRUPDWLRQDQGPHOWLQJ7KHWHVWZDVSHUIRUPHGIRUF\FOHV6SHFLPHQVZHUHFXEHVRI[[FP 
7KLV WHVW ZDV FDUULHG RXW IROORZLQJ WKH VWDQGDUG 81((1  7KH WHVW FRQVLVWHG RI SODFLQJ WKH
VSHFLPHQVLQDFORVHGUHFLSLHQWZLWKDILOPRIVXOIXURXVDFLGVROXWLRQIRUDSHULRGRIWKUHHZHHNVWKDWFUHDWHVDQDFLG
DWPRVSKHUH7KHVSHFLPHQV WHVWHGZHUH[[FPVODEV+LJK WHPSHUDWXUH WHVWVZHUHFDUULHGRXWKHDWLQJ WKH
VDPSOHV LQ D IXUQDFH DW WDUJHW WHPSHUDWXUH RI  &  &  &  & DQG  & UHVSHFWLYHO\ 7KH
WHPSHUDWXUHZDV ULVHQ XSZLWK D KHDWLQJ UDWH RI  &PLQ LQ RUGHU WR SURGXFH LUUHYHUVLEOH WKHUPDO H[SDQVLRQ LQ
JUDQLWRLGV2QFHWKHWHPSHUDWXUHZDVUHDFKHGWKHVSHFLPHQVZHUHPDLQWDLQHGIRUDSHULRGRIWKUHHKRXUVLQRUGHUWR
DVVXUH WKDW WKH FRUH VDPSOH JHWV WKH VDPH WHPSHUDWXUH DV WKH VXUIDFH $UJDQGRxD HW DO  &KDNUDEDUWL HW
DO$IWHUWKLVWLPHWKHWHPSHUDWXUHGHFUHDVHGIUHHO\ZLWKDFRROLQJUDWHDERXW&PLQVRWKDWWKHGDPDJH
ZDVSURGXFHGRQO\E\KHDWLQJ7KHVSHFLPHQVZHUHWDEOHWVRI[[FP
2.2 Damage evaluation after the tests
&RORXUZDVPHDVXUHGDQGTXDQWLILHGZLWKD0,12/7$&5FRORXULPHWHU'XHWRWKHKHWHURJHQHRXVWH[WXUH




%HFDXVH RI WKH TXDUW] WUDQVSDUHQF\ VXUIDFH URXJKQHVV ZDV PHDVXUHG XVLQJ D FRQWDFW SURILORPHWHU 0LWXWR\R
6XUIWHVW 691 ZLWK D  P GLDPRQG WLS WKDW PRYHV RQ WKH VXUIDFH RIPHDVXUH ZLWK FRQVWDQW VSHHG 7KH
QXPEHURISURILOHVPHDVXUHGZDVZLWKDVSDFLQJRIPPDQGPPOHQJWK6RPHJUDQLWRLGGHIRUPDWLRQDV
WKHSURGXFHGE\KHDWLQJPD\H[FHHGWKLVWKUHVKROG,QWKLVFDVHDQRSWLFDOVWHUHRPLFURVFRSH/HLFD0=$ZLWKWKH
DLG RI WKH VRIWZDUH /HLFD 6WHUHR ([SORUHU  ZDV XVHG )LIWHHQ SURILOHV LQ WZR DUHDV RI  [  FP ZHUH







3.1 Colour Changes 
&RORXU FKDQJHV DUH UHODWHG WR WKH QDWXUH RI WKH GHFD\ DJHQW WKH FKHPLFDO UHDFWLRQV WKDWPD\ WDNH SODFH DQG WKH
PLQHUDORJ\DQG WH[WXUHRI WKHJUDQLWRLGV ,I WKHGHFD\DJHQWSURGXFHGRQO\PHFKDQLFDOGDPDJHQRVWURQJFRORXU
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FKDQJHV ZHUH H[SHFWHG ,I FKHPLFDO UHDFWLRQV WRRN SODFH D FRORXU YDULDWLRQ PRUH RU OHVV SURQRXQFHG FRXOG EH
DWWDLQHG )LJXUH  VKRZV WKH FRORXU FKDQJH IRU WKH GLIIHUHQW DJHLQJ WHVW 7KH IUHH]HWKDZ WHVW GLG QRW VKRZ DQ\
YDULDWLRQVLQFHRQO\PHFKDQLFDOGHFD\ZDVSURGXFHG7KHUHIRUHWKLVWHVWLVQRWUHSUHVHQWHGLQWKHJUDSKV
6DOW FU\VWDOOL]HG DV HIIORUHVFHQFH RQ WKH VWRQH VXUIDFH SURGXFLQJ D VOLJKW PHFKDQLFDO GDPDJH $ORQVR HW DO
9i]TXH]HWDO(YHQLIOLWWOHFKHPLFDOUHDFWLRQRFFXUUHGEHWZHHQWKHVRGLXPVXOIDWHDQGWKHJUDQLWRLG
PLQHUDOV VRPHFRORXUYDULDWLRQVZHUHREVHUYHGDW WKHHQGRI WKH WHVW7KHPRVW UHPDUNDEOHYDULDWLRQ LQ OLJKWQHVV
ZDV REVHUYHG LQ 53 ZKLOH 5 ZDV WKH RQO\ JUDQLWRLG WKDW LQFUHDVHG LWV FKURPD 7KH SODJLRFODVHV IURP WKHVH
JUDQLWRLGVKDYHDQDQRUWKLWHSURSRUWLRQEHWZHHQ7KHFDOFLXPRIWKHSODJLRFODVHVPD\UHDFWZLWKWKHVRGLXP
VXOIDWH DQG SURGXFH VHULFLWLVDWLRQ 7KXV 53 DQG 5 H[KLELWHG DW WKH HQG RI WKH WHVW D VWURQJ GHWHULRUDWLRQ LQ
SODJLRFODVHVZLWKJUHHQLVKFRORXUGXHWRFKHPLFDODOWHUDWLRQWKDWH[SODLQV WKHGHFUHDVHLQ OLJKWQHVV,I WRWDOFRORXU
FKDQJH LV HYDOXDWHG RQO\53 DIWHU  F\FOHVPD\ UHDFK  XQLWV FRQVLGHUHG DV WKH YLVLEOH WKUHVKROG )LJ 62




JUH\JUDQLWRLGV VKRZLQJDGHFUHDVH LQ OLJKWQHVV LQFUHDVH LQ FKURPDDQG DQ HYLGHQW DQGKRPRJHQHRXV\HOORZLQJ
PHDVXUHGDVDGHFUHDVHLQKXH3LQNUHGJUDQLWRLGVGLGQRWH[KLELWDQ\YDULDWLRQSHUFHSWLEOHWRKXPDQH\HWKHUHIRUH
WKH\ DUH FRQVLGHUHG RSWLPDO WR EH XWLOL]HG LQ SROOXWHG DUHDV )LJ  7KH WRWDO FRORXU FKDQJH GLG QRW H[FHHG WKH
YLVLEOH WKUHVKROG +RZHYHU FRORXU YDULDWLRQV ZHUH FOHDUO\ SHUFHSWLEOH GXH WR WKHLU KHWHURJHQHRXV GLVWULEXWLRQ
)LJE,I WHPSHUDWXUHVDUHKLJKHQRXJKFKHPLFDOFKDQJHVVXFKDVFOD\GHK\GUDWLRQDQGLURQR[LGDWLRQPD\WDNH
SODFHDQGFRQVHTXHQWO\DYDULDWLRQLQWKHVWRQHFRORXU&KDNUDEDUWLHWDO%HFNHWDO:KHQWKHJUH\
JUDQLWRLGVZHUH KHDWHG XS WR WDUJHW WHPSHUDWXUH RI & \HOORZ FRORXU H[KLELWHG D VWURQJ LQFUHDVH / DQG E
DXJPHQWHG YHU\ VOLJKWO\ GXULQJ WKH ILUVW KHDWLQJ VWDJHV DW  & & DQG & DQG URVH HYLGHQWO\ DW KLJK
WHPSHUDWXUHUDQJHV7KDWJDYHKXHWKDWWXUQHGLQWRRUDQJHWRQHV)RUWKHJUH\JUDQLWHVWKHYDULDWLRQRI¨(LVDOPRVW
LPSHUFHSWLEOHWKURXJKWKHVHWHPSHUDWXUHVZLWKYDOXHVDURXQGDW&)LJ)URP&WR&DOOWKH
SDUDPHWHUV FRQWLQXH WR LQFUHDVH LQ WKRVH JUDQLWRLGV WKDW ZHUH QRW GHVWUR\HG:KHQ WKH SLQNUHG JUDQLWRLGVZHUH
KHDWHG WKHFRORXUFKDQJHGSURJUHVVLYHO\ZLWK WHPSHUDWXUH¨(ZDVHYLGHQW LQ5GXH WR WKHFKDQJHRIFRORXURI
SDOH SLQN DONDOL IHOGVSDUV WR \HOORZ WRQHV ,Q UHODWLRQ WR DOO WKHZHDWKHULQJ WHVWV FRORXU FKDQJHVZHUH HVSHFLDOO\







3.2. Roughness Changes 
5RXJKQHVV FKDQJHV DUHPDLQO\ UHODWHG WRPHFKDQLFDOGDPDJH DV FUDFNVRU ILVVXUHVPHDVXUHG DV DQ LQFUHDVH LQ
YDOOH\VRUWKHVDOWGHSRVLWWKDWYDU\WKHURXJKQHVVHTXDOO\LQYDOOH\VDQGSHDNV)LJVKRZVDYHUDJHURXJKQHVV5D
YDULDWLRQ LQ HDFK WHVW LQ DOO WKH VWXGLHG VWRQHV5S WKDWPHDQVPLFD FKDQJHV RYHU WKH VXUIDFH DQG5Y WKDW FDQEH














$IWHU )UHH]H7KDZ WHVW WKH DYHUDJH URXJKQHVV YDULDWLRQ ZDV VLPLODU IRU DOO JUDQLWRLGV ,Q JHQHUDO URXJKQHVV
GHFUHDVHGVOLJKWO\7KDWFDQEHH[SODLQHGE\DQHURVLRQRIWKHVXUIDFHGXHWRWKHLFHOD\HU7KLVFDXVHGDGLPLQXWLRQ











JHQHUDO WUHQG WR LQFUHDVH WKURXJKRXW WHPSHUDWXUHV7KDW LPSOLHV WKHFUDFNRSHQLQJPDLQO\ LQWHUJUDQXODU DQGDOVR






GDPDJH +HDWLQJ SURGXFHG D GLIIHUHQWLDO PLQHUDO H[SDQVLRQ WKDW SURGXFHG PLFURFUDFNLQJ 'LIIHUHQFHV EHWZHHQ



















 $FXxD 0  &DPELRV HQ OD VXSHUILFLH GH JUDQLWRV RUQDPHQWDOHV VRPHWLGRV D GLIHUHQWHV WHPSHUDWXUDV 06F 8QLYHUVLGDG GH
2YLHGR










 (1 ,62   *HRPHWULFDO SURGXFW VSHFLILFDWLRQV *36 ± 6XUIDFH WH[WXUH 3DUW  7HUPV GHILQLWLRQV DQG VXUIDFH WH[WXUH
SDUDPHWHUV







 *URVVL &0 (VEHUW 50 'tD]3DFKH ) $ORQVR )-  6RLOLQJ RI EXLOGLQJ VWRQHV LQ XUEDQ HQYLURQPHQWV %XLOGLQJ DQG
(QYLURQPHQW
 *URVVL&0%ULPEOHFRPEH 3 (VEHUW 50$ORQVR )- &RORXU FKDQJHV LQ DUFKLWHFWXUDO OLPHVWRQHV IURP SROOXWLRQ DQG
FOHDQLQJ&RORXU5HVHDUKDQG$SSOLFDWLRQ±














 9i]TXH] 3 0HQpQGH] % 'HQHFNHU 0)& 7KRPDFKRW6FKQHLGHU & E &RPSDULVRQ EHWZHHQ SHWURSK\VLFDO SURSHUWLHV
GXUDELOLW\DQGXVHRIWZROLPHVWRQHVRIWKH3DULVUHJLRQ*HRO6RF/RQGRQ6SHF3XEOE63±
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